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Epidemiologic studies discovered an inverse as-
sociation between immunoglobulin E (IgE)-mediated
allergies and cancer, implying tumor-protective
properties of IgE. However, the underlying immuno-
logic mechanisms remain poorly understood. Anti-
gen cross-presentation by dendritic cells (DCs) is of
key importance for anti-tumor immunity because it
induces the generation of cytotoxic CD8+ T lympho-
cytes (CTLs) with specificity for tumor antigens. We
demonstrate that DCs use IgE and FcεRI, the high-
affinity IgE receptor, for cross-presentation and prim-
ing of CTLs in response to free soluble antigen at low
doses. Importantly, IgE/FcεRI-mediated cross-pre-
sentation is a distinct receptor-mediated pathway
because it does not require MyD88 signals or IL-12
induction in DCs. Using passive immunization with
tumor antigen-specific IgE and DC-based vaccina-
tion experiments, we demonstrate that IgE-mediated
cross-presentation significantly improves anti-tumor
immunity and induces memory responses in vivo.
Our findings suggest a cellular mechanism for the tu-
mor-protective features of IgE and expand the known
physiological functions of this immunoglobulin.INTRODUCTION
It is well established that immunoglobulin E (IgE) plays a key role
in allergies and mounts protective immune responses against
helminthes (Galli and Tsai, 2012). Additionally, evidence for aCellrole of IgE in tumor immunity has accumulated over the last
decade. Epidemiological studies discovered an inverse correla-
tion between elevated serum IgE levels (as seen in allergic pa-
tients) and the risk of developing childhood leukemia, pancreatic
cancer, brain cancers, and ovarian cancer, indicating a possible
function of IgE in anti-tumor immunity (Jensen-Jarolim et al.,
2008; Josephs et al., 2013). Furthermore, IgE with specificity
for tumor-associated antigens was found in humans (Fu et al.,
2008; Staff et al., 2012), and the existence of tumor-protective
features of IgE was supported by studies that employed murine
models (Daniels-Wells et al., 2013; Daniels et al., 2012; Fu et al.,
2008; Karagiannis et al., 2012; Nigro et al., 2009; Staff et al.,
2012). However, the underlying cellular and molecular mecha-
nisms remain largely unknown.
Tumor eradication depends heavily on the host’s ability to suc-
cessfully induce cytotoxic T cell (CTL) responses. Dendritic cells
(DCs) contribute to tumor defense via major histocompatibility
complex (MHC) class I-restricted cross-presentation, a pathway
that efficiently generates CTLs in response to exogenous anti-
gens such as those derived from tumors (Joffre et al., 2012;
Mende and Engleman, 2005). Importantly, the low amount of
circulating tumor antigens is considered a limiting factor for effi-
cient responses via cross-presentation in vivo. For increased ef-
ficiency in monitoring the antigenic environment, DCs can use
endocytic receptors that facilitate antigen uptake. Targeting of
such receptors (e.g., DEC205) is currently being tested in cancer
immunotherapy trials (Chatterjee et al., 2012; Dhodapkar et al.,
2014; Tacken et al., 2007).
Fc gamma receptors (FcgRs) were among the first receptors
identified to sample antigens for cross-presentation (reviewed
in Platzer et al., 2014b). FcgRs allow DCs to detect antigen in
the form of immunoglobulin G immune complexes (IgG-ICs),
but not in its soluble free form. They belong to the immune
recognition receptor family, with their ligand-binding a chainsReports 10, 1487–1495, March 10, 2015 ª2015 The Authors 1487
Figure 1. IgE/FcεRI-Mediated Antigen Uptake Allows for Cross-Priming of CTLs in Response to Free Soluble Antigen at Low Dose
(A) Binding and uptake of fluorescently labeled OVA (OVAAF647) by DCs that were pre-loaded with OVA-specific IgE (histogram: red line). Representative
histogram overlay. See also Figure S1.
(B–G) CD8+ T cell priming via IgE.
(B) Schematic overview of IgE/FcεRI-independent (no IgE) and IgE/FcεRI-dependent (plus IgE) antigen sampling.
(C) In vivo T cell proliferation assay. Splenic DCs from IgER-TG and WT mice (without or with IgE) were pulsed in vitro with NP-OVA (0.05 mg/ml) and injected
into WT recipients. Prior to DC injection, recipients received CFSE-labeled CD8+ OT-I T cells. Representative FACS plots and quantification (mean ± SEM of
3 independent experiments,R2 mice per experiment).
(D) In vivo killing assay; dots represent individual mice (n = 2, mean ± SEM).
(E) In vitro T cell proliferation assay. Triplicates ± SEM of a representative experiment (nR 5). Granzyme B production was determined by ELISA. bd, below the
detection limit. Triplicates ± SEM, representative experiment (n = 3).
(legend continued on next page)
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containing immunoglobulin-like domains and their FcRg-chain
dimer containing ITAM signaling modules. Interestingly, the
high-affinity IgE receptor FcεRI has close structural similarities
to FcgRs (Kinet, 1999). Therefore, we hypothesized that FcεRI
might also contribute to cross-presentation.
Human, but not mouse, DCs constitutively express a trimeric
isoform of FcεRI. Trimeric FcεRI contains the IgE-binding a
chain and the common FcRg-chain dimer, but lacks the
FcεRI-b chain, which is a component of the tetrameric isoform
as expressed on mast cells and basophils in humans and
mice. Comparably to tetrameric FcεRI, trimeric FcεRI serves
to coat the cell surface with monomeric IgE, creating the DC-
bound IgE pool in humans (Galli and Tsai, 2012; Platzer et al.,
2011). Since the DC-specific pool is absent in mice, we used
animals that were humanized for their FcεRI expression on
DCs (IgER-TG animals; Platzer et al., 2014a). Using this
approach, we described an IgE/FcεRI-mediated cross-presen-
tation pathway that allows for the generation of CTLs. We further
demonstrated the contribution of this pathway to anti-tumor im-
mune responses in vivo.
RESULTS
IgE/FcεRI-Mediated Cross-Presentation Efficiently
Induces Proliferation of CTLs in Response to Low Doses
of Free Soluble Antigen
We hypothesized that IgE/FcεRI-mediated uptake of tumor anti-
gens by DCs and consequent cross-presentation allow IgE to
contribute to cancer immunosurveillance. An examination of
DCs from IgER-TG mice that were loaded with ovalbumin
(OVA)-specific IgE and incubated with fluorescently labeled
OVA showed that IgE-bearing DCs were far superior in capturing
soluble free antigen compared with DCs lacking IgE (Figure 1A).
Using the uptake of fluorescently labeled transferrin as a control,
we showed that crosslinking of IgE/FcεRI does not change the
overall endocytic capacity (Figure S1A). By following the intracel-
lular route of IgE/FcεRI in a human cell line commonly used as
model for antigen trafficking (Zwart et al., 2005), we found that
the crosslinked receptor slowly entered Rab5+ early endosomes,
where it remained detectable over a prolonged period of time
(45 min) and then appeared in Rab7+ and LAMP1+ late
endo-/lysosomal vesicles (Figures S1B and S1C). This slow re-
ceptor trafficking pattern suggests that IgE/FcεRI can indeed
target antigens to compartments that favor MHC class I-specific
presentation by protecting antigenic epitopes against rapid
degradation in the more acidic environment of late endo-/lyso-
somes (Kreer et al., 2011). Using human DCs and human IgE
with specificity for OVA, we next confirmed that IgE/FcεRI-me-
diated uptake shuttles free antigen into Rab14+ endosomes
(Figure S1D), which have been described as cross-presentation
vesicles (Weimershaus et al., 2012). These data suggested that(F) Signaling induced by NP-BSA through IgE/FcεRI crosslinking does not augmen
loaded with NP-specific IgE (+) or not () prior to simultaneous stimulation w
Representative experiment (n = 2).
(G) Comparison of IgE- and IgG-mediated antigen cross-presentation after incub
overview: (I) DCs were pre-incubated with monomeric IgE or IgG1, washed, and t
to form ICs and then added to DCs. NT, not treated with antigen. Triplicates of a
Cellantigen that enters DCs via IgE/FcεRI is targeted for cross-
presentation.
Cross-presentation of antigens by DCs primes naive CD8+
T cells to proliferate and differentiate into CTLs. Thus, we first as-
sessed whether IgE/FcεRI-mediated antigen cross-presentation
promotes CD8+ T cell proliferation by comparing IgE/FcεRI-
dependent and -independent antigen uptake (schematic in Fig-
ure 1B). Splenic DCs were pre-loaded with hapten-specific IgE
and pulsed with haptenized OVA ex vivo before being injected
into recipient mice that had received carboxyfluorescein succini-
midyl ester (CFSE)-labeled naive CD8+ OT-IT cells that express
an OVA-specific MHC class I-restricted T cell receptor. Only
DCs that could use IgE/FcεRI-mediated antigen uptake induced
significant T cell proliferation in response to low-dose free anti-
gen (Figure 1C). We next tested the priming of functional CTLs
through IgE/FcεRI-mediated cross-presentation by conducting
an in vivo killing assay. In mice that had received DCs that
used IgE/FcεRI for antigen uptake, an average killing rate of
52.4% ± 4.7% was observed, whereas the rate was only
12.4% ± 3.7% when DCs were restricted to the use of IgE-inde-
pendent antigen sampling (Figure 1D). Then, we analyzed the
consequences of IgE/FcεRI-dependent antigen uptake by per-
forming in vitro antigen presentation experiments in the contin-
uous presence of free antigen. This experimental setting, which
mimics physiological antigen exposure over a prolonged time
period, confirmed that IgE/FcεRI-mediated uptake significantly
lowers the antigenic threshold for the induction of CD8+ T cell
proliferation (Figure 1E). Also, granzyme B, a component of
secreted lytic granules, was generated via IgE/FcεRI-mediated
cross-priming in DC/T cell co-cultures (Figure 1E). Importantly,
these results demonstrate that prolonged antigen sampling via
other uptake pathways may not functionally compensate for
IgE/FcεRI-mediated cross-presentation if limiting amounts of
free antigen are available.
We previously showed that IgE/FcεRI-crosslinking induces an
intracellular signaling cascade involving SYK and ERK1/2 phos-
phorylation in DCs (Platzer et al., 2014a). To address whether
such signals enhance the cross-presentation ability by them-
selves, we loaded DCs with hapten-specific IgE and incubated
them with non-haptenized OVA, which restricted the antigen up-
take for cross-presentation to the use of IgE-independent mech-
anisms. Simultaneously, we crosslinked FcεRI using haptenized
bovine serum albumin (NP-BSA), an irrelevant antigen for OT-I
T cells. We found that IgE/FcεRI crosslinking by NP-BSA did
not alter the dose range required for antigen-specific T cell pro-
liferation induced by IgE-independent antigen uptake. This set of
experiments demonstrated that activation signals downstream
of IgE/FcεRI that are not antigen specific do not increase the
cross-presentation capacity of DCs (Figure 1F).
In a side-by-side comparison, we investigated whether cross-
presentation of free low-dose antigen is a specific feature of IgEt cross-presentation resulting from IgE-independent antigen uptake. DCswere
ith NP-BSA (50 mg/ml) and the indicated amounts of non-haptenized OVA.
ation of DCs with free soluble antigen or immune complexes (ICs). Schematic
reated with free soluble antigen; (II) IgE or IgG1 was pre-incubated with antigen
representative experiment (n = 2).
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Figure 2. CellularMechanisms of IgE/FcεRI-
Mediated Cross-Presentation
(A) IgE/FcεRI-mediated cross-presentation de-
pends on endosomal trafficking. DCs pre-loaded
with IgE or not were incubated with antigen in the
presence of primaquine. OVA peptide (SIINFEKL)
was used as control. Triplicates ± SEM of a
representative experiment (n = 2).
(B–E) The IgE/FcεRI-mediated antigen cross-pre-
sentation pathway operates independently of
MyD88 and IL-12.
(B and C) DCs from MyD88/ mice expressing
FcεRI (MyD88/ 3 IgER-TG) induce efficient
in vitro T cell proliferation and granzyme B pro-
duction after IgE-dependent antigen uptake. See
also Figure S2.
(D) Antigen-specific IgE/FcεRI crosslinking does
not induce IL-12 in DCs. Splenic DCs were stimu-
lated as indicated.
(E) Effects of exogenously added IL-12 on the
cross-priming capacity of DCs.
(B–E) DCs were incubated with 0.05 mg/ml OVA.
Biological triplicates ± SEM of representative ex-
periments (n = 3).or, alternatively, can be equally mediated by IgG. Importantly,
IgE was unique in enabling DCs to cross-present free soluble an-
tigen (Figure 1G). However, soluble antigen ICs were cross-pre-
sented with comparable efficiency irrespective of whether they
had been generated with antigen-specific IgG or IgE (Figure 1G).
In summary, this data set demonstrates the existence of an
IgE-mediated cross-presentation pathway in DCs.
Cellular Activation Requirements of IgE/FcεRI-Mediated
Cross-Presentation
Cross-presentation via endocytic receptors is inhibited by prima-
quine, which blocks recycling endosomes and trafficking from
early endosomes to the plasma membrane (Burgdorf et al.,
2008). As expected from the FcεRI trafficking pattern in DCs (Fig-
ure S1), we found that IgE/FcεRI-mediated cross-presentation
was susceptible to primaquine inhibition (Figure 2A), indicating1490 Cell Reports 10, 1487–1495, March 10, 2015 ª2015 The Authorsthat IgE/FcεRI routes soluble antigen into
cross-presentation compartments similar
to those targeted by the mannose re-
ceptor. Notably, cross-presentation facili-
tated by the mannose receptor depends
strictly on Toll-like receptor (TLR) activa-
tion and MyD88 signals (Burgdorf et al.,
2008). To further define the requirements
for IgE/FcεRI-mediated cross-presenta-
tion, we compared DCs from MyD88/,
IgER-TG, and IgER-TG animals that were
deficient for MyD88 (MyD88/ 3 IgER-
TG). We confirmed that the absence of
MyD88 did not change FcεRI expression
by the DCs (Figure S2A). As previously re-
ported (Burgdorf et al., 2008), DCs from
MyD88/ or MyD88/ 3 IgER-TG mice
did not cross-prime CD8+ T cells with sol-uble high-dose antigen in the absence or presence of lipopoly-
saccharide (LPS), but LPS increased the cross-priming capacity
of MyD88+/+ DCs (Figure S2B). Importantly, the IgE/FcεRI-medi-
ated cross-presentation pathway remained active in the absence
of MyD88, although a modest decrease in T cell proliferation and
granzyme B production was detected (Figures 2B and 2C),
implying that TLR signals further enhance the efficiency of IgE/
FcεRI-mediated cross-presentation but are not strictly required.
In line with the autonomy of the IgE/FcεRI-mediated cross-pre-
sentation pathway from MyD88 activation, we found that the
pathway can operate independently of interleukin-12 (IL-12), as
its induction was not detected after IgE/FcεRI-mediated antigen
uptake in DCs (Figure 2D). Comparable to what was observed for
TLR signals, addition of exogenous IL-12 increased granzyme B
production in DC/T cell co-cultures (Figure 2E). Importantly, IgE/
FcεRI-dependent cross-presentation in the absence of IL-12 still
Figure 3. IgE/FcεRI-Mediated Cross-Pre-
sentation Is Executed by CD8a DCs and Is
Blunted by IL-4
(A) Evaluation of FcεRI expression by human DC
subsets. mRNA expression values were extracted
from publically available microarray data (NCBI
GEO data repository GSE35459).
(B) FcεRI expression on mouse CD8a+ and CD8a
DCs from IgER-humanized mice. Histogram over-
lays of FcεRI (black lines) and isotype control (gray
filled).
(C and D) FACS-sorted CD8a and CD8a+ splenic
DCs were compared for their ability to induce
granzyme B producing OT-I T cells following Ig-
E/FcεRI-independent and -dependent antigen
uptake. Data are shown as the mean ± SEM of
triplicates of a representative experiment (n = 3).
(E) In vitro CTL generation in the presence of IL-4.
Triplicates ± SEM of a representative experiment
(n = 2). See also Figure S3.induced more granzyme B than did IgE/FcεRI-independent
cross-presentation with IL-12 (Figure 2E). In summary, this set
of experiments delineates a cross-presentation pathway that
significantly differs from the pathways described so far for free
soluble antigens.
IgE/FcεRI-Mediated Antigen Uptake Endows the CD8a
DC Subpopulation with Efficient Cross-Presentation
Capability
DCsubsets differ substantially in their ability to cross-present an-
tigens depending on the nature and form of the antigen, and the
tissue environment. For example, overall, murine CD8a+ DCs are
considered to be the most potent cross-presenters for free solu-
ble antigen, but cross-presentation of ICs is predominantly
executed by CD8a DCs (Bachem et al., 2010; den Haan et al.,
2000; Joffre et al., 2012). Differences in the cross-presentation
capacities of human DCs are more controversial (Segura et al.,
2013). A potent way to regulate the cross-presentation abilityCell Reports 10, 1487–1495of a DC subset is to regulate the expres-
sion of antigen uptake receptors that
target the cross-presentation pathway.
Thus, we defined FcεRI expression levels
in different human DC populations (Fig-
ure 3A) by using publically available mi-
croarray data (Haniffa et al., 2013). Human
CD1c+ DCs, which are defined as func-
tional homologs of murine CD8a DCs,
showed the highest transcript levels of
FcεRI. FcεRI is further expressed in
pDCs and, albeit at a rather low level, in
CD14+ monocytes. No transcripts were
detected in human CD141+ DCs, which
are the homologs of murine CD8a+ DCs
(Figure 3A). Notably, this human DC sub-
set expression pattern of FcεRI was accu-
rately phenocopied in IgER-TG mice with
high levels of surface receptor expression
on CD8a DCs (Figure 3B). Next, using
fluorescence-activated cell sorting (FACS), we sorted DC sub-
sets from the spleens of IgER-TG animals based on the expres-
sion of CD8a. In line with published literature, we found that
CD8a+ DCs were more efficient at priming CTLs with soluble
free antigen than CD8a DCs (Figure 3C). However, IgE/FcεRI-
mediated cross-presentation was executed with the highest effi-
ciency by CD8a DCs (Figure 3D). This set of experiments con-
firms that expression of an antigen uptake receptor can expand
the cross-presentation capacities of a DC subset tremendously.
IgE/FcεRI-Mediated Cross-Presentation Is Inhibited
by IL-4
In allergy, where high levels of IgE are present and could promote
cross-presentation, CD4+ effector T cells that produce Th2-type
cytokines such as IL-4 and IL-13 are predominantly found, but
CD8+ CTLs are not. In line with this absence of obvious CTL re-
sponses, we found that IL-4 significantly inhibited CTL genera-
tion via the IgE/FcεRI-mediated cross-presentation pathway, March 10, 2015 ª2015 The Authors 1491
Figure 4. IgE/FcεRI-Mediated Cross-Presentation Promotes Anti-Tumor Immunity
(A) Outline of the tumor-protection experiment.
(B) Vaccination with DCs loaded with tumor-specific antigen via IgE/FcεRI increases tumor-free survival. Control (CTRL) mice did not receive DCs. Unprimed DCs
were loaded with IgE but not incubated with antigen. Pooled data from two experiments; 20 mice per group, CTRL and unprimed, n = 10 mice. Tumor cells were
injected subcutaneously (s.c.).
(C) Tumor-free mice from the experiments shown in (B) were re-challenged with OVA-expressing B16 tumor cells and monitored for tumor growth.
(D and E) Tumor-specific IgE mediates tumor protection in vivo.
(D) Overview of the tumor experiment after passive immunization with IgE. Mice in which expression of FcεRI was restricted to DCs were treated with OVA-
specific IgE or DNP-specific IgE, and OVA-expressing B16 cells were injected i.v.
(E) Tumor count in lungs. Quantification (symbols are representative of n = 5 mice per group, mean ± SEM, **p < 0.01) and representative images are shown.(Figures 3E and S3). This set of data indicates that during Th2-
type inflammation, IL-4 prevents an overshooting CTL response
induced by IgE, and explains why allergen-specific CD8+ T cells
are highly uncommon.
IgE/FcεRI-Mediated Cross-Presentation Affects the
Efficiency of Anti-Tumor Responses In Vivo
Thus far, we have shown that IgE/FcεRI-mediated antigen uptake
can be extremely efficient in priming CTL responses. Since in-
duction of tumor-specific CTLs is a major goal in cancer im-
munotherapy, we next performed a classical tumor vaccination
experiment. Our approach involved ex vivo antigen loading of
DCs because IgE/FcεRI crosslinking on mast cells and basophils
can result in systemic activation of the allergic effector cascade,
including increased IL-4 production, which we found to inhibit
CTL priming (Figure 3E). DCs were isolated from IgER-TG mice,
loaded with antigen-specific IgE, pulsed with soluble free OVA,
and injected into recipient mice. Next, mice were injected subcu-
taneously with OVA-expressing B16 melanoma cells (Figure 4A).1492 Cell Reports 10, 1487–1495, March 10, 2015 ª2015 The AuthorWe found significant protection from tumor development, as evi-
denced by prolonged tumor-free survival, in animals that could
use IgE/FcεRI-mediated cross-presentation compared with ani-
mals that could not (Figure 4B). Importantly, 40% of the mice
did not display any signs of tumor until day 50. To test whether
the tumor-free survivors had developed memory T cell re-
sponses, we re-injected the animals with B16 melanoma cells.
Indeed, mice that had been vaccinated with DCs capable of
IgE/FcεRI-mediated cross-presentation remained protected
upon re-challenge (Figure 4C).
We next asked whether in vivo recognition of tumor-specific
antigen via tumor-specific IgE conveys anti-tumor protection
(Figures 4D and 4E). Thus, we used passive immunization with
tumor-specific IgE (i.e., OVA-specific IgE) and tumor-irrelevant
IgE (i.e., dinitrophenyl [DNP]-specific IgE). To avoid activation
of mast cells and basophils, we used an IgER-TG strain in which
the FcεRI expressionwas restricted to DCs (Platzer et al., 2014a).
Whenwemonitored the capacity of OVA-expressing B16 cells to
metastasize to the lung after intravenous injection (Baker et al.,s
2013), we found that the pulmonary tumor burden was signifi-
cantly reduced in mice that received IgE with tumor specificity
(Figure 4E).
In summary, these experiments demonstrate the contribution
of tumor-specific IgE and the IgE/FcεRI-mediated cross-presen-
tation pathway by DCs to anti-tumor defense in vivo. Further-
more, the experiments suggest that targeting of this pathway
might be therapeutically useful.
DISCUSSION
A novel role of IgE beyond its protective functions against hel-
minth pathogens and its detrimental effect in allergy has recently
become the center of attention. IgE was found to confer immu-
nity against insect venoms (Marichal et al., 2013; Palm et al.,
2013). Our study provides evidence for an additional physiolog-
ical function of IgE by demonstrating that DCs use IgE to direct
exogenous soluble free antigen into the cross-presentation
pathway through the high-affinity Fc receptor FcεRI. We demon-
strate that IgE-mediated antigen cross-presentation greatly en-
hances the ability of DCs to prime CTL responses, which are
known to be crucial for immuno-surveillance against cancer.
This finding is remarkable because, to our knowledge, it is the
first demonstration that IgE induces MHC class I-dependent
CD8+ T cell responses, and thus may provide a mechanistic
explanation for epidemiological studies that describe an inverse
correlation of high IgE levels and cancer.
At first glance, IgE/FcεRI-mediated cross-presentation resem-
bles other known receptor-mediated cross-presentation path-
ways, but its cellular requirements are distinct. A main difference
compared with the IgG-mediated pathway, which has been long
appreciated for its efficiency in eliciting CTLs (Regnault et al.,
1999; Schuurhuis et al., 2002), is the nature of the antigen. DCs
use low-affinity FcgRs for uptake of IgG-ICs. Since the latter
low-affinity receptors cannot serve to coat the cell surface with
monomeric IgG, and the high-affinity IgG receptor CD64, which
engages monomeric IgG at the cell surface, is not expressed on
DCs (Guilliams et al., 2014), the IgG/FcgR pathway is not suited
to sample free antigens and is restricted to IgG-ICs. In contrast,
monomeric IgE binds to the DC surface via FcεRI (Kinet, 1999),
which then allows DCs to sense soluble free antigens with high
efficiency, establishing a unique quality of IgE/FcεRI-mediated
cross-presentation.
Several other surface receptors, such as the mannose re-
ceptor and DC-SIGN, have been described as scaffolds that
allow for entry into endosomal cross-presentation compart-
ments (Schuette and Burgdorf, 2014). The soluble model antigen
OVA, which we used here, was also demonstrated to be shuttled
into the cross-presentation pathway by the mannose receptor,
although this seems to require higher concentrations than does
IgE/FcεRI-mediated cross-presentation. More importantly, man-
nose receptor-dependent cross-presentation requires the con-
comitant occurrence of danger signals such as TLR stimulation
(Burgdorf et al., 2008). Our data demonstrate that the IgE-medi-
ated pathway does not require such additional signals, as it was
found to be functional in DCs from MyD88/ mice. In fact, not
even the induction of IL-12 by DCs appears to be a requirement
for efficient generation of CTLs in vitro. The finding that IgE/CellFcεRI-mediated cross-presentation operates with free low-
dose antigen in the absence of danger signals from TLR ligands
or inflammatory cytokines implies that it is not biased toward an-
tigens that contain microbial molecular patterns or an inflamma-
tory setting. The independence from additional activation signals
highlights the IgE/FcεRI-mediated cross-presentation pathway
as an ideal candidate for tumor antigen surveillance at steady
state. Interestingly, the efficiency of the IgE/FcεRI-mediated
cross-presentation pathway was counterbalanced by its sus-
ceptibility to downmodulation by the Th2-type cytokine IL-4.
The latter finding is important because it explains why IgE-medi-
ated induction of CTLs is not an immunological characteristic of
allergic responses, and adds to the literature that describes Th2
responses as disadvantageous during tumor defense (Palucka
and Banchereau, 2012; Sasaki et al., 2008).
Despite major research efforts, DC-based vaccination strate-
gies aimed at inducing durable and efficient T cell responses
against cancer antigens have been only moderately successful
(Tacken et al., 2007). IgE-mediated antigen presentation may
be particularly attractive for therapeutic purposes because of
its ability to efficiently induce CTL responses via cross-presenta-
tion and simultaneously induce antigen-specific CD4+ T helper
cells (Platzer et al., 2014a). Concomitant induction of CD8+ and
CD4+ T cell responses to tumor antigens was shown to improve
anti-tumor immunity because synergy between these two T cell
types promotes the killing of cancer cells (Tomita et al., 2013).
Importantly, we also previously showed that IgE-mediated anti-
gen uptake by DCs does not induce allergic Th2-type immune re-
sponses by itself (Platzer et al., 2014a), which could counteract
efficient CTL responses. Thus, given that human CD1c+ DCs
constitutively express high levels of FcεRI, IgE-mediated target-
ing of tumor antigens directly to this specific DC subset might be
a promising strategy to improve anti-tumor immunotherapy.
In summary, our study identifies an IgE-dependent cross-pre-
sentation pathway that is mediated by FcεRI on DCs. The most
outstanding properties of this cross-presentation pathway are
its high sensitivity for recognizing soluble free antigens, its auton-
omy from DC activation signals, and its efficiency in inducing tu-
mor protection.
EXPERIMENTAL PROCEDURES
Mice
Wild-type, IgER-transgenic, IgER 3 murine FcεRIa
/, MyD88/, and IgER 3
MyD88/ animals were bred under specific-pathogen-free conditions at Bos-
ton Children’s Hospital (Boston, MA). OT-I TCR transgenic animals and some
WT recipient mice were purchased from The Jackson Laboratory. All animal
studies were approved by the animal care and use committees of Boston Chil-
dren’s Hospital, Brigham and Women’s Hospital, or the Dana-Farber Cancer
Institute.
Measurement of Cytokine Production, Flow Cytometry, Antibodies,
and Reagents
Details regarding measurement of cytokine production, flow cytometry, anti-
bodies, and reagents can be found in Supplemental Experimental Procedures.
Antigen Uptake via IgE, T Cell Proliferation, and In Vivo CTL Assays
All experiments were performed using previously described standard proto-
cols (Baker et al., 2011; Platzer et al., 2014a; Sharma et al., 2009) and are fully
described in Supplemental Experimental Procedures.Reports 10, 1487–1495, March 10, 2015 ª2015 The Authors 1493
Tumor Models
For the vaccination experiment, untreated DCs and DCs pre-loaded with NP-
specific IgEwere pulsedwith 0.05 mg/ml NP-OVA for 1 hr ex vivo. Then, 23 105
DCs were injected into recipient mice that had received OT-I cells 24 hr before.
After 5 days, recipient mice were subcutaneously injected with 2 3 105 OVA-
expressing B16 melanoma cells. Tumor growth was monitored, and mice that
became moribund or had a tumor size R 2000 mm2 were sacrificed. For the
lung metastasis model, IgER 3 murine FcεRIa
/ mice were injected intrave-
nously with 2 3 105 OVA-expressing B16 melanoma cells as described previ-
ously (Falo et al., 1995). At 8 hr before and 24 hr after injection of the tumor
cells, the mice received 10 mg of murine OVA-specific IgE (clone E-C1;
Chondrex) or mouse anti-DNP-IgE (clone SPE-7; Sigma-Aldrich). Mice were
sacrificed after 22 days and tumor nodules were counted independently by
two investigators (one of whom was blinded).
Statistical Analysis
Data are presented as the mean ± SEM of three or more independent exper-
iments unless stated otherwise. Statistical analysis was performed using
PRISM software (GraphPad Software). Significance was assessed using un-
paired two-tailed Student’s t tests for all comparisons between two popula-
tions or one-way ANOVA tests for multiple comparisons with Bonferroni’s or
Tukey’s tests.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and three figures and can be found with this article online at http://dx.doi.
org/10.1016/j.celrep.2015.02.015.
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